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During t h e  past  s i x  m o n t h s  w e  have cont in ixc l  o u r  

s t u d y  of t h e  i n t e r a c t i o n s  of r a d i a t i o n  w i t h  qascs over  

a broad f r o n t .  I n  p a r t i c u l a r ,  w e  have i n c l u d e d  s c x n c  

ve ry  i m p o r t a n t  t h e o r e t i c a l  work on t h e  ancjular d i s t r i b u t i o n  

of e l e c t r o n s .  

oxygen. A t  p r e s e n t  w e  are t r y i n q  t o  Tv7crify theory a t  a 

s i n g l e  wavelength  (584 A) . These are d i f f i c u l t  expe r in i cn t s ,  

however, it i s  i m p o r t a n t  t o  v e r i f y  t h e o r y  so t h a t  it can 

T h i s  work h a s  been a p p l i e d  t o  a tomic  

0 

be used i n  conf idence  a t  wavelengths  i n a c c e s i b i e  t o  

exper iment .  

Measurements oh t h e  Branching R a t i o s  of many q a s e s  

c o n t i n u e  o v e r  a l a r g e  wavelength r ange .  

d e t a i l s  of e l e c t r o n i c  s t a t e s  and  of v i b r a t i o n a l  i n t e n s i t i e s  

w i t h  e l e c t r o n i c  states. 

much h a s  y e t  t o  be ana lyzed .  

s e c t i o n s  are b e i n g  measured and a n a l y z e d .  

have been p r e p a r e d  y e t ,  

appea r  i n  p r i n t  d u r i n g  1975. 

T h i s  i n c l u d e s  

Some of t h i s  w o r k  h a s  been p u b l i s h e d ,  

I o n i z a t i o n  y i e l d s  and cross 

N o  p u b l i c a t i o n s  

It is e x p e c t e d  t h a t  t h e s e  will 

T h i s  r e s e a r c h  program has been  e x t r e m e l y  p r o d u c t i v e  

t o  d a t e .  

l i s t e d  below covering t h e  p e r i o d  f r o m  t h e  l a s t  f i n a l  r e p o r t .  

Abstracts of all t a l k s  and  p u b l i c a t i o n s  are 

I 
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PHYSICAL REVIEW 
LETTERS 

Measurements are  reported of the resonant structure, caused by autoionization, in the 
angular distribution of xenon photoelectrons. The measurements were made within the 
autoionizing structure lyiag between the ?P3h and 'P,k ionization thresholds for the wave- 
length range 956 to 1015 A .  The results show a periodic variation in the asymmetry pa- 
rameter J with maximum excursions of about ~0.9 to - 0.9. The overall varintion and 
magnitude of ,3 is i n  accord with the recent theoretical predictions of Dill .  

We report  the f i rs t  measurements  of resonant 
s t ructure ,  caused by autoionization. in photoelec- 
tron angular distributions. Although a number of 
experimental determinations .of photoelectron an- 
gular distributions have been reported,'-'* no 
measurements  exis! of the variation of the angu- 
l a r  distribution with energy ac ross  autoioniza- 
tion resonances. A recent paper by Dill13 con- 
s idered,  theoretically,  the influence of autoion- 
ization on the  angular distribution parameter  Fj." 
This paper gave t h e  important genera l  prediction 
that 3 should fluctuate rapidly within the allowed 
range of 2 and - 1 a c r o s s  any autoionizing reso- 
nance, atomic o r  molecular. In par t icular ,  9 
was calculated for xenon ac ross  the  first auto- 
ionizing resonance lretweeii t h e  2P3;2 and 
ionization thresholds. The current t~sp t~r iment  
w 3 5  designed to nie;isure t tic srnoii ~)li~)t~.wlt~ct roii 

aninilar dis11-ibutions ;is a function of \\- ; ivcll twgh 
betueen the *1'3/2 anti thresholds to coniixtre 
wi th  the prrdictions of Dill. The  iniport.iiicc of 
meas:iring .I ;ic'ross a reson;int st ruc'tiirt' !\-.IS e m -  
phasized by Dill :is ;I i icw and indciw:idcnt nitjtliod 
t o  probe atomic and nio1ccul;ir dyniiniics. 

Tht. ~ s i ) t ~ r i n i c n t ; i l  tt~chriiquc~ tbniploytd W A S  to 
nieasure the angular nioduliition of tlic plwtoclec- 
troii count r a t e  w i t h i n  ;I 6' colic of acccpt:iiicr i n  

the  plane normal to the beam of partially plane- 
polarized radiation emerging f rom the exit sli t  
of a i-rn Seva-Namioka monochromator. This 
method has not been previously used. From an 
expression for t h e  general  angular dependenre 
of t h e  photoelectron signal when using partially 
plane-polarized light ,15 it i s  readily shown that 

where the  photon beam i s  traveling along the +.v 
axis ,  o i s  the  integrated c r o s s  section, 0 i s  the 
angle of emission measured  in the .s-z  plane from 
t h e  z axis ,  a n d g  i s  the degree  of polarization giv- 
en by I ,  I , ,  the ratio of t h e  radialinn intcnsily coni- 
ponciits i n  the .v and i directions,  rrspt~ctlvc~ly'.  

The apparatus i s  shown schematicully i n  Fi?. 
1. Elccbtrons fo rn i t~ i  w i t h i n  the ionization rccioii 
were allowed to drift i n  a l ic ld-free resion tliruiigh 
;i s e r i c s  of firc 1);ifflcs to ;I Spiraltron dt'tcrtor. 
rind the rcsultaiit pulses were integrated with ;i 

ratt '  nicter. Sirire ;ingul:ir dist ributioiis w e r e  to 
be determined for xenon in the wavelength riinge 
below the  ioni'z;tlion threshold. no cvierky 



PHYSICAL REVIEW 
LETTERS 

Photoelectron Angular Distributions as a Probe of Anisotropic Electron-Ion lnteractioiis’k 

Dan Dill 
Deparimrnt of Cheniistry. Boston I’nivevsitg, Boston, ;IIassachtcsetts 0221;; 

and 

Steven T. Manson 
Department of  Physics, Georfiia State Z’nii*evsit~, Atlanta, Georgia 30303 

and 

Anthony F. S ta race  
Beiden U h o m t o t - y  of Ph~sics .  The lTnivcrsity of h’ehi-aska. Lincoln, Sehvnskn tiRT0P 

(Received 31 December 1973) 

Erpressions a re  given for atomic photoelectron a n p l a r  distributions in L S coupling in 
which the role of anisotropic final state electron-ion interactions emerges explicitly. 
Calculations of photoelectron angular distributions for atomic sulfur are  presented in  
which these anisotropic interactions produce clear deviations from the predictions of the 
Cooper-Zsre model. Such effects are expected to be a general feature of photpelectron 
angular distributions for most open-shell atoms. 

We repor t  h e r e  e-upressions for  atomic photo- 
e lectron anqular distributions in LS coupling 
which exhibit c l ea r ly  the influence of anisotropic 
electron-ion interactions.  To i l lustrate  these 
e f f ec t s  w e  have calculated the a n p l a r  distribu- 
tions of e lectrons photoionized from atomic sul- 
fur. for which these  anisotropic final-state in- 
teract ions a r e  large.  These effects take the form 
0 f p r on ou nc ed d iff e r en c es h et IV ecn t tic d is t r ibu - 
tioris a! photoelectron croups rorrespcr:idinL: to  
altcrn.itive LS-term levels of the r t~sidual  ion. 
This resul t  is to be contr;istcd witt i  that of t l i c  
Cooper-Zare (CZ, modrl.’ in which the rolc of 
final-skate interact ions is not cotisidtlred: No 
dependence on the ionic t e r m  Icwl is predicted, 
Thc p s t  success  of the CZ modcl i n  confirniinl: 
mensuremrnts”  ’ i s  dur to  the fortuitous circ‘uni- 
s b n r e  that tfir measurements  hiivc? dcalt with 

closed-shell  atoms. for which we show that an- 
gular  momentum and parity conservation impose 
s e v e r e  rest r ic t ions on the effects of any aniso- 
tropic interactions.  

Our r e su l t s  are aimed on the one hand at the- 
o r i s t s  engaged in photoionization c r o s s  section 
calculations that include electron correlation. , 
The c r i t e r i a  f o r  a s ses s ing  the importance of 
anisotropic intcrurtions a r c  given in te rms  of 
i n t e r a h i o n  p . i r : i n i ( ~ t ~ ~ r s  provided t y  such cnlcu- 
lations. On the ott1t.r hand. we wish to eniphn- 
s i ZP to e y w  r i ti1 cn t :i1 I s t s t ti i s n c v  d y na rn i ca 1 i 11- 

for mat ion on f i n;11- s t ;I t c i 11 t e rii c t i oils that can 
e m e r g e  through the study of open-shell atoms. 

Our  analysis  is Iqsrd on the resolution of the 
an ru la r  distribution into scpa ra t c  cnntritlutions 
chi i ractcr i7t~l  tiv thc ;tltt’rn;itivc w1ut.s .it of f l i t \  

anculnr niocit’tituni tr:itisftirrtvl in  thti photuioni - 
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Experimental vibrational intensity distributions for 
continuum photoionization to the X 2C+, A 211, and 
B *E* states'of CO+ and N+2 

Vibrx:, r..il in!ens:ty di?tributions have bcen dvducrd 
f rii1:: ~ 2 : .  L -:::- L:r:!v:tJict i ~ i i i  , I O ( ~ I C C ~  > i x t b ( . !  r I ( .vi ,r  

( 1  

sirice L!.* 
~ I ( I s X  S;?d.<trci h;1*<c bee11 recurded fro111 ui:dlsi)t!rsed ~ : L U I -  

; ~ i L ~ ~ i : i t z : 1 . i l  . S L T U C ~ U I ' ( '  IUS , C e l l  ~ C S U ~ V C C ! .  I ) -  

- 
~ C I ~ I  s . ~ . . x ~ - s .  &i,.,x:zc t i i t .  pos s jb i l i t v  u i  L b ~ t % ~ ~ l J l i S  ;:en- 
er.ll.cd :: .::: -2:;:Lr.L;; !:I 

ssion '7s ;1 function of  (!wr:?y h:is tywi :is- 
sumed. Pressure sensitivc effects, notalily i i iudif icn-  
tion of the spectrum by resonant scattering through nega- 
tive io?. r t xes .  and diffrrential scattering out of the 
electror, 5emi fcr ckc t rons  of different energies, ' may 
also haw been unaccounted for. 

We have recorded photoelectron spectra froni CO and 
N2 using dispersed 584 A and 537 radiation from a DC 
discharge in helium, with a cylindrical mirror  analyzer, 
described elsewhere, ' whose transmission a s  a function 
of energy has been calibrated. (The calibration proce- 
dure is described in Ref. 4. The light source used for 
the present calibration w a s  a duoplasmatron. Argon 
gas was used in the discharge which produced a large 
number of Arxx lines. Electron counting techniques may 
be used with this source, and the present calibration is 
felt to be more accurate than that previously obtained 
with a condensed spark discharge. *) The gas pressure 
in the analyzer was held at  less than 0.1 mlor r .  The 
spectra  were recorded at  a constant 3 eV pass e n e r g  
with the aid of a preretarding lens, to reduce scattering 
effects' and to provide a constant resolution of 45 meV 
so that peak areas  could be used directly as a measure 
of the photoelectron intensity. 

The experimental vibrational intensities, corrected 
for the tr.msniission of the analyzer, a r e  tabulated in 
Table I together with theoretical Franck-Condon fac- 
tors'; all data a r e  normalized to 100 at  the strongest 
peak in each vibrational band. Up to 15 spectra have 
been included in each distribution; the e r r o r s  represent 
statistical fluctuations in the count ra tes  only. The re- 
sults for the B 'X' states include only 537 .4 spectra, a s  
anomalous distributions. caused by resonant scattering 
through negative ion states, could be seen in a11 the 584 

spectra in the energy range covered by the B 'Y tran- 
sitions. This was true even at the lowest useable pres- 
s u r e s  in  the analyzer. 

. A 'n ionic states include both 584 A and 537 .4 spectra, 
thus minimizing errors in the dcteriiiin:ition of thc 
transniission through the analyzer as a function of the 
electron energy. 
tion could he as hi<!i :is 15 ',' across  the energy r m g c  
coverrd by t he  A 'I1 clvctruiis at cx;ich ~ v a v c l i ~ n g t l ~ . '  Xi)  

The results for the .Y%* and 

The crror in the  tr;msniissiun Calibra- 

si!:i;:f:c:i:it d i f f r . n  i . ~ ~ ( ~ s  i n  t tw , I !  : r:!!: [:I 
~ .v : l7 : l  I, 
SL.iLC.. 

, ! ! L i l  / i i ,  i v r  i l i . t ! 1  i l i c i  

k r;i~ick-C~.!licLn i,icti)r ;IS t l ~ c a  ~ ~ l ~ l ~ , i t  1 1  i i i ' i i  (!u; i i1tu111 l i i ! i l i -  

ber increases, althouch part o f  this trcwd could lw due 
to e r r o r s  in the trxismissiuii ~ ~ l ~ l ~ J ~ ~ l ~ l l ~ l l .  'I%(% discrc>p- 
ancy betwtwi the cxperiiiieiit:il m c t  t l i ( , ~  1 r ( ~ l i c a 1  ini(1iisi t ics 

at t h e  u =  5 level of the A ' I t i  stcite IS 1)ruIxibly c;iuscd by 
crossing of the CO'A and X potential curves. Sing11 and 
Rai' predicted a perturbation at the CO'.1, v - 5 level; 
this has not been previously observed. 

The experimental vibrational intensity distributions 
for the A 'nu and B 'Xi states of Ng agree reasonably well 
with the Franck-Condon factors (apart from u =  7 of the 
A 'nu state), with a possible consistcnt dcviution about 
v =  4 of the A 'nu state. This deviation. tujicther ivith the 
trend in the A 'ni state of CO', may be explicable by the 
variation of the electronic transition moiiicnt with the in- 
ternuclear separation of the atoilis ;indl o r  with iile en- 
ergy of the emitted electron, a s  in the case of hydrogen! 

TABLE I. 
for transitions ( N ~ ,  CO) x ' 2 ;  u = o ,  to the ionic lcvcls indicated. 

Vibrational intensities and Franck-Condon hctors 

N2 co 
Experimental Experimental 
intensity F C F ~  intensity FC F 

X2Z' u = o  100.0 100.0 100.0 100.0 
1 6.94a0.66 9.27 3.46*0.37 3.84 
2 0.32a0.21 0.59 

A 2 n  ;,=O 87.1i3.1 84.9 39.4 i 2 . 4  37.3 
1 100. 0 f 2 . 8  lU0.0 83.4 t 1.4 82.1 
2 76.3i1.5 GY.O 1 0 0 . 0 - 3 . 1  100.0 * 

3 4 3 . 5 1 2 . 9  35.3 M. 7 f 1. ti S!). 5 
4 -19.112.4 15.7 lis. 8 * 1.9 tit;. 0 
5 7; 0!) i 0.77 6 . 3 7  50.3 ! 1.7 42.  ti 
6 2 . > 1 !  0.10 "-13 2 1 . 2  ' 1.3 2 .-, . 0 
7 1.70 k0.34 0. S!I 14. d : 0.3 13.7 
8 0.37 t 0.17 0.32 8.31 i 0.47 7.15 
9 5. os f 0. !I7 3. j!) 
10 2 . 5 3  t 0.56 1.75 
11 1. 03 f 0. 22  0 .  34 

B 'f r * = O  100.0 100. 0 100. 0 100.0 
1 I). s-1 ! 2 .  *51 13. 1 33. <I ! 1. 0 3 5 .  4 
2 1)..71;1tl.!)4 0 . 2 3  7 . 7 , 5 * l . t i l  I . 0 1 ;  - -- ---- 
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1. INTRODUCTION 

Dill, hlanson, and Starace' have shown that .the 
Cooper-Zare theory' for photoelectron angular 
distributions. while correct for closed-shell a t -  
oms, is not appropriate for open-shell atom$ ex- 
cept in those cases where the phase shifts for al- 
ternative photoelectron channels a r e  the same. 
W e  present here theoretical calculations that con- 
firm atomic o s g e n  a s  one of these special cases. 
We f i i d  that the use of iierman-Skillman3 (HS) 
wave functions and the Cooper-Zare theory pro- 
vides angular distribution asyninietry parameters 
that a r e  in substantial agreement with those ob- 
tained using Hartree-Fock (HF) wave functions and 
a more rigorous theory' for photoelectron m y l a r  
distributions. We expect similar results for the 
other atoms having open 2p subshells. Thus, the 
angular distributions of photoelectrons from Zp 
subshells calculated by Manson' using HS wave 
functions and the Cooper-Zare theory should prove 
reliable. 

We present also new calculations. using both HS 
and H F  wave functions, of the total and partial 
photoioni.xtioii cross sections of :itotiiic oxygen. 
Because these cross sections a r e  of funtl;iiiicrit:il 
iniportnnce for uppcr atniosphorc physics. tlicy 
have been cxlculnted by nun? :iuthors.:'-'" Follow- 
ing Henry- 11'c plot .dso ptiotoelrctrau 1)r:iiictiiiig 
ratios since t h e w  :irc the quiuntitics nic:isiiri1d di- 
rec t ly  in p!iotoelectrori spcctrascopy. A t  A = 584.3 
A our br:i:iL-iiiii< r:itios :ir~l i i i  rt%:isoii:ibIt- :ii:rtv- 
ment with both the cxperimcntnl v;ilucs of Samson 

9 - 

and Petrosky" .and the more accurate close-cou- 
pling calculations of Henry.' The calculated angu- 
l a r  distributions, cross  sections, and branching 
ratios presented in this paper thus extend and com- 
plement existing theoretical data on the photoion- 
ization of atomic oxygen. 

11. THEORY 

Dill and F~ano"'" have expressed the differential 
cross section for photoionizntion 2f n:? cnpol.irizcc! 
target a s  an incoherent sum over contributions 
corresponding to alternative values of the n n g d n r  
momentum rt transferred by the incident photon to 
the target: 

Jt  

Detailed expressions for the partial cross  sections 
d i t )  and asymmetry parameters ,{(it) ;ire givcti in 
Ref. 14 in terms of scattering amplitudes S,(jr), 
where 1 is  the orbitnl angular momentum of the 
outgoing photoelectron. The exper iinen tally niea - 
sured asyninietry paranieter p is  then given by the 
following weighted ;iverag:e'': 

2453 



Continuum ionization transition probabilities of atomic oxygen 

h1s1::- :kc,ire;ical iiivestication:; of thc p!i(ito- 
ionization of atomic osygen have been carried 
out.'-' These include cross-section calculations. 
transitiw prt-8bd>ilities for specific. ionic states. 
and cri!cui:it ions  of the anyulnr distriliutioii o f  the 
ejected photoelectrons. The experimental veri- 
fication of  these calculations is difficult because 
of the experimental problems in dealing with a 
transient species such as atomic oxygen. In ad- 
dition to supporting a particular theoretical model, 
the experimental results on the photoionization of 
atomic osyqen are extremelv important in upper 
atmospheric studies since a prime constituent of 
the Earth's atmosphere at about 200 km is atomic 
oxyyen. 

Prerious esperimental studies on photon inter- 
action with atomic oxygen have been confined to 
absorption studies. Huffman el (11.' obtained an 
absorprion spectrum between 600 and 1000 A 
while Cairns and Samson'" and Comes c t  al." 
measnred absolute c ross  sections at discrete 
emission lines in the same wavelength interval. 
More recently Jonathan cl nl . l2*I3  have observed 
the photoelectron spectrum of atomic oxygen a t  
584 A and Dehnier c l  ( 1 1 . l ~  have studied the ions 
prodilced by photoionization in a mass spectro- 
meter. 

of photoelectron spectroscopy. This is an  ex- 
trenit?lv powerful method for  ni6asuring the rel- 
at ive tr:insitiLxi probal)ilities for !)opul:it in? the 
v:iriius imir  states smilnble for t h e  Civtv ptiotan 
e n e r g .  H < w t > v i > r .  t o  ohtuin nic'.inincful results 
the ck31!twinn cffiritnry of thc rlcrt r o n  e n c r y y  
aii.i!y:tyr ii!:ist cililir.ittd :IS ;I i'unc!itlii . j f  the 
clrctr,.n txnercv and thc ;in;iI\-zibr mist 1101 d i s -  

c r i nii n:i t t' :i si ins t e IC ct r ons IV i t  h d i f f c  r 111:: nnqu 1~1 r 
dist ri(ut  ions. Tc) d;itc. (tiis tins i n i t  I)i,c%n tione. 
The prescnt work reports absolutc trnnsition 
protutulit it's fin- the ptiotoiuiiii.iliclt1 trmisition 

The present investigation involves the technique 

yen i n s  produccd i n  n ini(*rcwxvc 
30 1i I i r . i  0pCr:l t : l l : :  .II .I p n \ \ t ' l '  3 , :  

40 W and at a pressure of approsiii?atcIy 2 C  
mTorr .  AlthouTh number densities of the atoms 
were not measured, siiiiilar techniques have pro- 
duced about 5% dissociation." In addition to 
atomic oxygen. other species were produced. The 
parent molecule can be excited into the lowest 
excited state. the 02(u1Ac ) state. which lies about 
1 eV above the ground A'%;; state. Molecules i i i  

the escited u [ A x  state account for :ibout 5-10:, 
of the products. Other species i i ixv be formed 
such as ozone and 0, in various vibriitimial stales. 
However. these were not obscr:.cd ii-. !!le prese!!! 
experiment where the discharged ?:is lind t u  travel 
about 50 C I I ~  through 11-iiiiii i d .  pyre:; tuhiiig. 
Quartz tubing was used in the microwave cavity. 
The tubing was treated with dilute phosphoric acid 
to niiniiiiize the recombination of aturiiic o 
Thus. three species were formed. naiiiely 
0 , ( X 3 2 3 ,  andO,(u '3 , ) .  Figure 1 shows the iiiicro- 
wave discharge and the atoniic oxygen flow in re- 
lation t o  tlie photoc>lectron spcctrometer. 

The electron energy analyzer was n cylindrical 
mirror  design based on t h e  analysis given by 
Karras et d." Slit-to-slit focusing was adopted 
with an entrance trajectory of 54.7" with respect 
t u  the :isis of tlic cyliiidcirs. This p:trtic*iil:ir Liiiclc 
UQS clioscii bcc.aiisc. tlic frciction o f  I l ic~ c . l c c t  roiis 

traveling in  t h i s  dirc'ctioii is dirc~ctly proportioiial 
l o  the tot ; t l  IlUI1ll)cr o f  ptlotoc'lc'c~t rolls pro1luccd 
rczirdlcsa of thlir :iii::ul;ir distrilbut ion."' X 

11,r.itiii:: 1 t . i i . s  iL)  \ \ .IS i i i ~ ~ ~ ) r p ) r : i t L d  

so tl1:it the* t~lc~l~trt)11s \ V O l I l d  I1;lvc~ ;I f l ~ c ~ d  1,;iss CI1- 

c r < y  ;I1111 J l ~ W ~ * ~ ~  :1 ~ ~ ~ ~ l l s l ; l l l t  l ' l l t~r<v r ~ ~ s l ~ l u l  ion .  

W i d t l l  .lt 1l . l11 ' -II1 .1 . \111111111 li)r ; l l . ;~~l l l  \ V . I S  30 I l l C V .  

\vi111 
2 V b c ~ t a t ~ t w  t hc .  i i i i icir .ind o u t c b r  ~ ~ y l i i i c l ~ ~ r s  the lull 



The Khdherg \t . i tcb Zd' 'Pi, I. ;i i id .L" -'f'Y _ .  I ,  ,, ; i i i d  ~ l i c  iiitct~+hctI tr;iii\itioii 
's2p.' Jp': _ .  , , ,,. \vliich are forbidden to  Liutoionize 011 the ha5i5 0 1 '  1.S couplin;. ha \c  
been ohser\ed in emission spectroscopy and in autoiunimtioti y-xxtr; i  produced i n  
the photoelectron spectrum of atomic ouygen. 



I t  has been known for some time that the photo- 
electron spectra o f  N, and CO recorded with hkl 
radiativn (726 and 71-1 .A) show vihratiunal structure 
extended considerably beyond that produced by con- 
tinuum ionization [ I I .  This structure is caused by 
transitions througll an intt'rmt'diatc iit'ut r ~ l  electronic 
stute \rhich subsequcnily uutoionizcs. Przviousl!. rc- 
ported spectra were taken with comparutivc.l>~ poor 
r ~ d l i ! i ~ w  and \vith undispersed radiation so t ha t  twc; 
overlapping spectra 177 nieV apart are produced. 

\Ye haw recorded spectra from ('0 and N, - at each 
of the SeI.lines after dispersion b!, a 1 / 2  m Seya- 
Saminka niunoclirum~tc~r. The encrg!~ anaI>.zer. 
which has been described in the literature 121. is of 
cylindrical mirror type with 3 pre-retarding lens; the 
spectra were recorded at a pass energy o f  0.75 cV. 
yielding a resolution of the order o f  10 meV. The 
scanning voltase \vas produced by ;I 1ligit:illy pro-  
grammed stepping motor-potentiometer combina- 
tion ivliicli \vas syiichroniled to the advance of a 
multiclimicl store. Energy increnit'nts were accurate- 

\<d! : ip*  versus nuiiiber ot'stcps. 

piev~ousl\ descrihcd 

\ I )  Lmnvii  troltl ;I c;ilibr;itioii 0 1  tlic potcr i [ imicccr  

Tliz ~ r ~ i ~ s i i i i ~ s i o i i  of ttic :iJialyx,r H':IS c:ilibr:lid. ;IS 
a I. hy nieasiiring tlw ciiiiiit 

t 

ELECTRON ENERGY (eV) 

Fig. 1.  Photoelectron spectrum remrtlcd frorll  Y ?  : ~ t  736  :I. 



C0LLECTI:;G EFFICIENCY OF A C Y L I N D R I C A L  MIRROR ELECTRON EriERGY 

At iALYZER 1’IITt i  PRE-RETARDI!;G LEYIS 

3 .  L .  Gardner and  J a m s  A .  R .  Sarnson 

Oehlen Laboratory of P h y : i ’ c s  

University o f  Nebraska 

Lincoln, Nebraska 68508 U.S .A .  

ABSTRACT 

The electron collecting efficiency o f  a cy1 indrical mirror energy 

analyzer incorporating retardation o f  the electrons prior t o  analysis 

has been determined over the range 0 t o  30 eV by two methods. 

f i r s t  rrethod requires the use of a vacuum ul t raviolet  rmnochromator 

t o  produce monoenergetic electrons of different energies; the second 

method involves neasuring the energy-brightness relationship of the 

retarding optics and should  be applicable t o  any deflection analyzer 

w i t h  pre-retarding optics. 

The 

The  results o f  the two methods are compared 

and the limitations o f  the l a t t e r  method are discussed. 



V i b r a t i o n 2 1  I n t c n s i  t y  Dis t r i 5 u t i o : ; s  f o r  Continuum 
P h o t o i o n i z a t i o n  of O:.:yq:m 

J. L. Gclrdner and Janies A. E. Samson 
Behlen Laboratory of Physics 
U n i v e r s i t y  of Nebraska 
L i n c o l n ,  Nebraska 68508 U.S.A.  

I -  
E 
3 
1 

f 

W e  have r e c e n t l y  r e p o r t e d  e x p e r i m e n t a l  v i b r a t i o n a l  

i n t e n s i t y  d i s t r i b u t i o n s  for  continuum p h o t o i o n i z a t i o n  of 

N and CO, ma in ly  a t  a wavelength of 584 A .  O 1  t h e  pu rpose  
2 

of t h i s  n o t e  i s  t o  r e p o r t  s i m i l a r  r e s u l t s  f o r  oxygen 

u s i n g  5 0 t h  the  584 A znd 304 A he l ium l i n e s .  
0 0 

The p h o t o i o n i z a t i o n  cross s e c t i o n  of oxygen shows a 
0 

s u b s t a n t i a l  d i p  i n  magnitude ove r  a 20  A band c e n t e r e d  

a b o u t  590 ;;* t h u s  t h e  p o s s i b i l i t y  ex is t s  t h a t  t h e  584 

p h o t o e l e c t r o n  spec t rum of oxygen i n c l u d e s  a n  a u t o i o n i z e d  

c o n t r i b u t i o n  and ,  c o n s e q u e n t l y ,  t h e  v i b r a t i o n a l  i n t e n s i t y  

d i s t r i b u t i o n s  may n o t  cor respond t o  t h o s e  of cont inuum 

i o n i z a t i o n .  The o x y g e n - p h o t o i o n i z a t i o n  c r o s s  s e c t i o n  
0 

shows no s t r u c t u r e  around 304 A and p u r e l y  c o n t i n u u m - i o n i -  

z a t i o n  is expec ted .  ’ 

The e x p e r i m e n t a l  t echn ique  i s  t h a t  r e p o r t e d  p r e v i -  

ously. P h o t o c l c c t r o n  s p e c t r a  were recorded a t  a reso- 1 

lution of 45 meV w i t h  d i s p e r s e d  He r a d i a t i o n ,  u s i n g  a cy- 

l i n d r i c a l  mirror e n e r g y  a n a l y z e r  w i t h  known t r a n s m i s s i o n  

propcr t ics . 

! 

i 



AS s t r a c t  : 

D i s s o c i a t i v e  p h o t o i o n i z a t i o n  p r o c e s s e s  i r  CO and 1'1, have 
L. 

been s t u d i e d  v i a  pho to ion  and T h o t o e l e c t r o n  s p e c t r o s c o p y .  

K i n e t i c  e n e r g y  s p e c t r a  of 120th t he  i o n s  and e l e c t r o n s  formed 

i n  C o  and N 

a t  i n c i d e n t  wavelengths  of 584,  4 6 2 ,  and 304 A. T h e  .304 A s p e c t r a  

a r e  c o r r e l a t e d  i n  energy  and i n t e n s i t y  t o  deduce d i s s o c i a t i o n  
2 +  + produc t s .  For  CO, t h e  E s t a t e  of CO formed by removinq a c2s 

have been r eco rded  w i t h  a c a l i b r a t e d  e n e r g y  a n a l y z e r  2 
0 0 

e l e c t r o n  d i s s o c i a t e s  t o  t h e  p roduc t s  C + (2p 2 0  P ) and 0 (3s' 3 D 0 ) .  

0 
The :J, i o n  and e l e c t r o n  s p e c t r a  a t  304 A both c o n t a i n  ev idence  - 

I + 
f o r  d i s s o c i a t i v e  t r a n s i t i o n s  i n v o l v i n a  the I! - Z q  s t a t e  of ?I, . 
Enercretic N i o n s  prosuced  u?on removal. of a 3s e l e c t r o n  a r e  

b e s t  e x p l a i n e d  by a d i s s o c i a t i o n  l i m i t  of :!+ (3p3 3P0) and 

I 

+ 
57- 

rr(2p3 4s@).  
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. Abstract 

The a n g u l ~ r  distributions o f  phot.oe?ectrons from atomic oxygen, 

n i t r o g e n  , and carbon are  calculated. Both Hartrx2-Fxk and Hartre?-91 a t e r  

(Herman-Skillman) wave functicns are used f o r  oxygen and the acjreement i s  

excel 1 ent;  t h u s  only Hartree-S1 a t e r  function; arc used for  carbon and 

nitrogen. The pitch angle d i s t r i b u t i o n  o f  photoelectrons i s  discussei and 

i t  is shown t h a t  previous approximatiow of energy independent isotropic 

or sin 8 distributions a re  a t  odds w i t h  cur results, which  vary w i t h  2 

energy. T h i s  variat ion w i t h  energy is  discussed as i s  the r e l i ab i l i t y  

o f  these cal cul a t i  ons. 

*Supported i n  p a r t  by NSF Grant GP-38905. 
§Present adriress. 
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PHOTOELECTI'\Oil AIiCULAIi D1STRIBUTIO;:S FOR OFEiJ-S1I!ILL 

ATOMS : A PROBE OF ANISOTiiOPIC ELECTROIJ-IOFi 1;i'i'F::HACTIOiG 

Dan D i l l  

Dept. of Chemistry, Boston Univ., Boston, Massachusetts 02215 U.S.A. 

and 

Anthony F. Staroce 

Behlen Lab. of Phys ic s ,  Univ. of Nebraska, Lincoln, X e b r a s h  68508 U'.S.P. 

and 

Steven T. Manson. 

Dept. of Physics ,  Georgia S t a t e  Univ., Atlmta, Georgia 30303 U.S.A. 

The photoelectron asymmetry pzrameter B . i n  LS-coupling i s  obtained,  

s t a r t i n g  from t h e  r ep resen ta t ion  o f  6 as an expansion i n t o  con t r ibu t ions  from 

a l t e r n a t i v e  angular  momentuii t r v l s f e r s  j 

i s t i c  angular  d i s t r i b u t i o n .  

ac t ion  is genera l ly  an i so t rop ic :  

d ipo le  matr ix  elements depend on both t h e  mul t ip l e t  term of t h e  r e s i d u a l  i o n  

each of  which has a ch i r ac t e r -  t 
For open-shell atoms t h e  photoelectron-ion i n t e r -  

photoelectron phase s h i f t s  a d  e l e c t r i c  

ana t h e  

quent ly  

bu t ions  

t o t a l  o r b i t a l  momentum of t h e  outgoing photoelectron channel.  Conse- 

f3 depends on t h e  term l e v e l s  of t h e  r e s i d u a l  ion  and conta ins  con t r i -  

from a l l  allowed va lues  of j These f ind ings  con t r ad ic t  t h e  indepen- 
\ t' 
4 

dent  p a r t i c l e  model theory  f o r  B , .  which ignores  f i n a l - s t a t e  e lectron-ion 

i n t e r a c t i o n  and t o  which our  expressions reduce only i n  t h e  l i m i t i n g  cases  of 

.l) sphe r i ca l ly  symmetric atoms [e.g., c losed-shel l  atoms] 2nd 2 )  open-shell  

atoms for which t h e  electron-ion i n t e r a c t i o n  i s  i s o t r o p i c  [e.g., very l i g h t  

elements]. Numerical. ca l cu la t ions  of t h e  asymmetry parameter are presented 

for atomic oxygen and atomic s u l f u r  t o  i l l u s t r a t e  t h e ' t h e o r y  and t o  demonstrate 

the information on electron-ipn dynamics t h a t  can be obtained from t h e  theo- 

retical and experimental  s tudy of B f o r  open-shell atoms. 

A general. photoioniz+t ion process i n  LS-coupling may be represented  as : 
L 

* A ( ( l o n L 0 S ~ ~ J , , ~ , )  +>G, = 1, U, =- l ) -c~*((I ,"- 'L,S,)J,n,) ic ' ( ls j ,  (- I)'). (1) 
Provided t h e  atom is unpolar ized and no measurements are made o f  t h e  o r i en ta -  

tion of the ion or  of t h e  photoelectron 's  sp in ,  t h e  d i f f e r e n t i a l  c ros s  sec t ion  

and the aspimetry parameter may be represented as incoherent sums over allowed 

angular momentum t r a n s f e r s  j,: 

. .  . .  . .  . .* 
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ABSTRACT 

-- The photoelectron asymmetry parameter 8 i n  LS-coupling is 
obtained, s t a r t i n g  from the r e p r e s e n t a t i o n  of 8 as an expans ion  
into c o n t r i b u t i o n s  from a l t e r n a t i v e  a n g u l a r  momentum transfers 
jt, each of which has a characteristic a n g u l a r  d i s t r i b u t i o n .  
For o p e n - s h e l l  atoms the pho toe lec t ron - ion  i n t e r a c t i o n  is gener- 
a l l y  ani8otropicr p h o t o e l e c t r o n  phase s h i f t s  and electric dipole 
m t r i x  e l emen t s  depend on both t h e  m u l t i p l e t  tenn of the resi- 
dual ion and the to ta l  orbital momentum of t h e  outgoing photo- 

- e l e c t r o n  cnannel. Consequent ly  €4 depends on the t e rm levels of 
the r e s i d u a l  ion and contains c o n t r i b u t i o n s  from a l l  allowed 
values of j t .  
model theory for 6 ,  to which our e x p r e s s i o n s  reduce on ly  in the 
Umiting cases of 1) s p h e r i c a l l y  symmetr ic  atoms (e .g. I closed- 
s h e l l  atoms) and 2)  open-she11 atoms for w h i c h  the e l e o t r o n - i o n  
i n t e r a c t i o n  is isotropic (e.g.  I very l i g h t  elements). Nunierical 
r e s u l t s  for a t d c  oxygen and atomic s u l f u r  are shown. 

These f i n d i n g s  c o n t r a d i c t  the i ndependen t  p a r t i c l e  

E 



On the FhJtTionlzztlcn of P"r>c:i 3:9-.-' ,--(I*?. . 
- 1 3  .. J. L. G A R D X i :  a id  J. A. i?. SX:J.;Zclii, U. 1,b:ur. - L L l e  

k i n e t i c  entlrcies of ;hotoeiectrocs e . j e c t ~ i  i'rc::! czrCcn 
dioxlde hzve been mecured  for F-olioci,rc:::2tiC r z d i ~ t i o n  
of wavelengths varying between 700 t o  30C 'A. Ein.owieclp 
of such photoe lec t ron  s p e c t r a  ailc:?s 3 c c q l e t e  pic-cure 
t o  be presented. of how r a d i z t i c n  i n t e r a c t s  v i t h  t h i s  
molecule. 
measurenents of t h e  p a r t i a l  cross sec t ions  for producing 
carbon dioxide ions  i n  s p e c i f i c  s t a t e s  of ion iza t ion .  

0 
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James A . R .  Samson and  G.N. Haddad 

P h y s i c s  Department ,  U n i v e r s i t y  of Nebraska ,  L i n c o l n ,  Nebr; 

The r e c e n t  advpnces made i n  measur ing  t h e  a b s o l u t e  

i n t e n s i t y  of r a d i a t i o n  i n  t h e  vacuum u l t r a v i o l e t  s p e c t r a l  

. reg ion '  has  p e r m i t t e d  d i r e c t  e x p e r i m e n t s  t h a t  d e t e r m i n e  

the p h o t o i o n i z a t i o n  y i e l d s  of g a s e s  from t h e i r , f i r s t  

i o n i z a t i o n  t h r e s h o l d  down t o  about 1 0 0  A ( i .e . ,  1 2 4  e V ) .  

For the  r a r e  gases, e x c l u z i n g  H e ,  t h i s  s p e c t r a l  r ange  

covers the t h r e s h o l d s  for  s i n g l e ,  doub le ,  and t r i p l e  

p h o t o i o n i z a t i o n .  

0 

The p h o t o i o n i z a t i o n  y i e l d  in t h i s  context i s  d e f i n e d  

as the ave rage  number of c h a r g e s  produced  p e r  photdn  abso rbed  

by t h e  gas .  

state of an  i o n  p e r  photon abso rbed .  

between s i n g l y  and doubly cha rged  i o n s  b u t  n o t  between 

doubly and t r i p l y  charged  s p e c i e s .  

Thus,' the y i e l d  is s i m p l y  t h e  ave rage  c h a r g e d  

The r e s u l t s  d i s t i n g u i s h  



exchulqe ir, tkir c a l c u l a t i o n s .  

a3a X e  a r e  s'nc:;n i n  F igs .  1 - 3. 

!The esper imnta l  resu l t s  for .4r, Ek, 

The dashed curves r e p r e s e n t  t h e  

t h e o r e t i c a l  results of Amusia -- e t  al. The a c t u a l  rnsgnitude of  the  

t h e o r s t i c a l  res-Alts are s e n s i t i v e  t o  t h e  value of t h e  ns i o i i i za t ion  

threshold used i n  t h e  c a l c u l a t i o n s .  

K r ,  shown I n  Figs. 1 and 2, used the experirnental t h re sho ld  values. 

The t h e o r e t i c a l  CUPVCS for A r  arid 

The 

1 



? 

a 

0 

been r r c i x r e d  frcr; t L c i r  i o n i z a t i o n  t h r t s h o l ~  d o ~ m  t o  100 A .  

probab i l i t y  of producing i o c s  i n  var ious  degrees  of exci taLion h i v e  been 

measure? 2t zany vavclengths .  

In a d d i t i o n ,  i:lc 

This includes a s tudy of rnu1tiFj.c. ionizat iol!  

F r O C P S S Z S .  

It 52s b.c-cr, c u s t c r ~ r y  'io analyze the  s t r u c t u r e  of t o t a l  piloto-ioni z z t i o n  

c ros s  s e = t i c n  c c r - i c ? ~  i n  terms of poss ib l e  ion i s i t i o : i  t!lreshcPi.s tc; high  iJi.1.; 

excite2 states of t h e  no lecu le  arid t o  poss ib l e  dGuble i o n i z a t i o n  s t a t e s .  !Yo 

provi2e ?sfinit : ,  17-e r e s u l t s  ig determining t h e  cause of t he  s t r u c t u r e ,  we IXVC! 

employed techniques t o  measure t h e  ind iv idua l  or  p a r t i a l  i o n i z z t i o n  proccsscs .  

The tecl:r:ique of photoe lec t ron  spectroscopy has been used t o  g i v e  accu ra t e  

branchi iy  r a t i o s  f o r  p:-oducin~ ions  i n  exc i ted  s t a t e s ,  whi le  r e c e n t  advances 

i n  nxsu:ing t h e  Zbsolute plioton flux of r a d i a t i o n  down t o  100 A have enablcd 

t 
0 

quan t :i ?: 2 t i \pe xz- -: ; ! 1 .  c::' .L.Its -1 .- on t l ie i o n i x i i o n  effi~cic:l:cit:L; t o  be r : : t i ~ c . ~  ~ o r  

! 
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- Angular  D i s t r i b u t i o n s  of P h o t o c l c c t r o n s  

E j e c t e d  frcx Gases* 

O b s e r v a t i o n s  of  t h e  a n q u l a r  d i s t r i b u t i o n s  of p h o t o c l n c t  : :',.; 

e j e c t e d  f r o n  g a s e s  were f i r s t  s t u d i e d  'by Buhb i n  1 3 2 4 .  1 7 ,  r 1 - 2 ~  

t h s s e  r e s u l t s  and subsequen t  measurements i t  was establ ishcc:  

t h a t  t h e r e  w a s  a preponderance o f  e l e c t r o n s  e j e c t e d  i n  t h e  

d i r e c t i o n  of t h e  e l e c t r i c  f i e l d  v e c t o r .  By 1 9 2 7  Auger and  

P e r r i n 2  had d e r i v e d  an  e x p r e s s i o n  f o r  t h e  a n g u l a r  d i s t r i b u t i o n  

between t h e  e lec t r ic  f i e l d  v e c t o r  and t h e  e l e c t r o n  v e l o c i t y  

vector.  
Some f o r t y  y e a r s  l a t e r  i n t e r e s t  i n  t h i s  f i e l d  has  been r e v i v e d .  
While t h e  e a r l y  e x p e r i m e n t s  S r o a d l y  v e r i f i e d  t h e  p r e d i c t i o n s  
of t h e  new wave mechanics d e t a i l e d  i n f o r m a t i o n  was l a c k i n g .  
Recent e x p e r i m e n t a l  work h a s  show n t h a t  t h e r e  is  a wide 

t h a t  took t h e  form ( a  = bcos 2 8 ) , where 8 w a s  t h e  a n g l e  

M o s t  of t h e  exper iments  v e r i f i e d  t h i s  cos  2 6 d i s t r j - b u t i o n .  

v a r i e t y  of e l e c t r o n  d i s t r i b u t i o n s  IA p o s s i b l e ,  v a r y i n g  f ron 

comple t e ly  i s o t r o p i c  t o  c o s  2 0 t y p e  d i s t r i b u t i o n s .  R e s u l t s  

depend on t h e  o r b i t  f r o m  which t h e  e l e c t r o n  i s  e j e c t e d ,  on t h e  
k i n e t i c  e n e r g y  of t h e  p h o t o e l e c t r o n s ,  and on t h e  p r e s e n c e  of 
a u t o i o n i z i n g  s t r u c t u r e  . 
r e s u l t s  w i l l  be reviewed.  

The e x p e r i m e n t a l  t e c h n i q u e s  and 

* 
Suppor ted  i n  p a r t  by t h e  N a t i o n a l  S c i e n c e  Foundat ion  and the 
National A e r o n a u t i c s ,  and Space A d m i n i s t r a t i o n .  

'F.W. Bubb Phys. Rev. - 23, 1 3 7  (1324). 

2P. Auger and F. P e r r i n ,  J. Phys. Radium 8 ,  9 3  (1327) .  - 
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Anqular Distribution o f  Photozlcctrois frmi ---- 
Halogen E o m s . *  S. T. I4ARSOii, Georgia S.U., A .  F .  STAicACL 
u. o f  flebraska, 0. D I L L ,  Boston U.--Calculations o f  the 
cross section and  asymnetry pararrieter for  photoionization 
of the outer p-subshell o f  F ,  C 1 ,  and Er have been carried 
out. Numerical Hartree-Fock discrete and  continuum wave- 
functions were employed.' The halogens were chosen fo r  
study because they are  the l i ke l i e s t  g roup  of open-shell 
atoms t o  be experimental l y  investigated. The el ectron- 
ion interaction is  found t o  be a n i s o t r o p i c  for  C 1  and Br 
as exhibited by the differing phase s h i f t s  of the contin- 
uum wavefunctions i n  the various f ina l - s ta te  channels. 
Consequently we f ind,  a s  in  
parameters for  C 1  and Br 1 )  depend on the final s t a t e  
ionic term level and 2 )  have contributions from a l l  
allowed angular inmenturn transfers. 

t h a t  the asymeiry 

*Supported by NSF Grant No. GP-38905 and NASA Grant No. 
NGR 28-004-021. 

'D. J. Kennedy and S. T. Manson, Phys. Rev. A - 5, 227 
(1 972 1. 

2J. Berkowitz, private communication. 
'D. Dill ,  S. T. Kanson, and A. F. Starace, Phys. Rev. 
Letters - 32, 971 (1974). 
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Behaviour o f  Partial Photoionization Cross ’sec- 
tions Across a Resonance.* A. F. STAKACE, U. o f  Nebraska 
--The behaviour of the total  cross section i n  the neigh- 
borhood of an  autoionizing resonance i s  k:e11 known. ’  
Only recently however has t h e  theoretical’ and  experi- 
mental investigation been completed of the striking 
oscil latory betiaviour o f  the photoelectron asymmetry 
parameter across a resonance. This recent work motivated 
the present study of ttie energy dependence o f  partial  
cross sections across autoionizing resonances. General 
Fano-type1 formulas for  this dependence are obtained. 
Specific application i s  made t o  the behaviour of the 
var ious n p 6 ( ’ S j  + hv + n p 5 ( 2 P 3 , 2 , 1 , 2 )  + e- photoioniza- 
t i o n  channels i n  the rare gases i n  the neighborhood o f  
the n s n p 6 ( n  t I )  D (‘P)-resonances. In particular,  cal- 
culations of t h 2  LP,,,/‘Pl12 branching ra t ios  (which can 
be measured by photoelectron spectroscopy) across these 
resonances are  in progress. 

*Supported by NASA g ran t  No. NGR 28-004-21. 
’U. Fano, Phys. Rev. - 124, 1866 (1961). 
‘D. Dill, Phys. Rev. A 7,  1976 (1973). 
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Kumber 3 .  

~- Measure-lerts o f  Ayular Distributions o f  Photo- 
electrons w i t h  Poiarized R a d i a t i o n . *  W.H. tiki4COCK a n d  
JAXES A.R. SA;iSOi\l, U n i v .  ;kbraska--Angular dis t r ibut ions of 
photoelectrons have been Iiieasured by a new technique u t i -  
l i z i n g  polarized vacuurii ultraviolet  radiation. 
electrons were observed in a direction a t  r ight  angles to  
the direction of the pho ton  beam, u s i n g  a cylindrical 

. mirror energy analyzer. The photons were 75% polarized 
u s i n g  a three plate  reflection polarizer, which could be 
rotated t o  change the plane o f  pola ization. 
been obtained w i t h  undispersed 584 a radiation for  the rare  
gases and selected diatoiiiic molecules. Attempts a re  cur- 
rently underway t o  measure the a n g u l a r  distribution of 
photoelectrons ejected from atomic oxygen. The method i s  
a l so  being extended to other wavelengths. 

The pho to -  

Results have 
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for the DCAP fleeting of the 

r l iys icc l l  S o c i e t y  

2-4  D ~ c . ,  1.974 -__ 

measured a t  a- n W c r  of i n c i d e n t  wave1enc;t:ls 
ex tend ing  dotm t o  304 5.. C o r r e l a t i o n  of t h e  
304 PI scectra shows t h a t  t h e  2C+ s t a t e  forncd 
by removal of a 3 c  e l e c t r o n  from CO d i s s o c i a t e s  
t o  tlie p r o d u c t s  C+ (3p 2 ~ 0 )  and o ( 3 s '  3110). 
Similarly, t h e  co r re spond ing  p r o c e s s  i n  Pi2 

. 

yields p r o d u c t s  1J+ (2p3  3Po)  and IT ( -p  3 3 n s o ) .  
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